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Rootstocks can markedly affect the vegetative growth of the scions. However, the vegetative growth can be defi ned by several parameters. Trunk cross-sectional area, number of terminal and lateral shoots, total shoot length, and internode length, are the most conspicuous. Trunk cross-sectional area (TCA) is correlated to total above-ground mass of apple trees (Forshey and Elfving, 1989; Heinicke, 1922; Khatamian and Hilton, 1977; Murray, 1927; Tustin et al., 1997; Westwood and Roberts, 1970) and it is commonly used to compare differences in growth among fruit trees on different rootstocks. Shoot growth has a large infl uence on the fruitfulness of trees and the amount of vegetative growth removed in summer and dormant pruning (Childers, 1973; Westwood, 1978) . In addition, rootstocks can also affect the seasonal pattern and time of cessation of shoot growth (Barlow, 1964; Forshey and Elfving, 1989; Maggs, 1957; Preston, 1958 Preston, , 1968 1957; Swarbrick, 1929; Vyvyan, 1935) . There have been relatively few studies on seasonal vegetative growth patterns of peach scion varieties (DeJong et al., 1987) and fewer related to peach rootstock effects. Internode length may also be affected by dwarfi ng rootstocks. Peach trees grafted on dwarfi ng rootstocks had shorter internodes compared to trees on the more vigorous rootstocks (Murase et al., 1990) . In addition, dwarfi ng apple rootstocks appear to have wider crotch angles with the uprightgrowing 'Deliciousʼ variety (Warner,1991) .
A grafted fruit tree is a combination of two different genotypes, the scion and the rootstock. The interaction between the two genotypes is very complex. The transported nutrients and other compounds crossing the bud union infl uence the scion and rootstock and produce changes that affect tree size, fertility, longevity, pathogen resistance, fruit quality, yield, etc. During the past few decades, apple researchers and fruit growers introduced spur scion varieties and dwarfi ng rootstocks to control tree size and reduce hand labor costs (Webster, 2001) . The increasing density of the orchard plantings to obtain high yields and the accompanying high costs of the hand operations emphasized the necessity of size-controlling rootstocks (DeJong et al., 1999) . Unlike apples, there are no widely acceptable size-controlling rootstocks for peaches. The need for such rootstocks to improve the management effi ciency of high-density peach orchards induced the University of California Pomology Department to develop a rootstock evaluation program from 1986 to 1994 (DeJong et al., 1997) . In this project, rootstocks were selected on the basis of rooting capacity, size controlling performance and compatibility with peach. The resulting selections were the basis of the present study.
There are several theories about the dwarfi ng mechanisms of size controlling rootstocks (Crabbé, 1984; Lockard et al., 1982; Rom and Carlson, 1987) , but none of these theories has been defi nitively proven. Theories on the dwarfi ng effect have come from various research approaches, and hormones appear to be related to the dwarfi ng mechanism in some way (Crabbé, 1984; Kamboj et al., 1997; Richards et al., 1986) . Other theories involve bark tissues, which could be the key for explaining the dwarfi ng mechanism in apples (Lockard et al., 1982; McKenzie, 1961; Simons and Chu, 1984) . The graft union, especially the Seasonal growth is the integrated result of diurnal growth over many days. Diurnal changes in plant water status have been described for many species, including peach trees (Berman and DeJong, 1996 , 1997a , 1997b Chalmers and Wilson, 1978; Larson et al., 1988; Simmoneau et al., 1993a Simmoneau et al., , 1993b . Berman and DeJong (1997b) modeled peach stem growth rate showing that the diurnal rate of change of stem water potential markedly infl uenced the extension growth of peach stems. Water relations studies of 'Empireʼ apple on fi ve different rootstocks (Olien and Lakso, 1984) indicated that stem water potential of the most dwarfi ng rootstocks were lower than the more vigorous rootstocks. Differences in water potential, especially at midday, could be produced by high hydraulic resistance at the graft union or root level, and may partially explain the mechanism for the reduction in the diurnal extension shoot growth rate, though this has not been clearly documented.
This study was undertaken to describe the primary vegetative parameters infl uenced by size-controlling rootstocks being tested for peach. Seasonal and diurnal shoot and TCA growth were studied on two peach varieties grafted onto rootstocks ranging in vigor. Reduced seasonal and diurnal growth was expected on the more size-controlling rootstocks. In addition, we attempted to determine if the period of shoot extension growth was shorter for semi-dwarfi ng rootstocks. Total seasonal shoot growth was studied on primary, secondary and tertiary shoots to determine whether growth patterns differed among rootstocks.
Materials and Methods
Data were obtained in 1998 and 1999 on two peach [Prunus persica (L.) Batsch] cultivars, 'Flavorcrestʼ (an early fresh market, freestone cultivar) and 'Loadelʼ (an early clingstone, processing cultivar) grafted on six different rootstocks: 'Nemaguardʼ (P. persica seedling, the standard vigorous rootstock for California), 'Hiawathaʼ (open-pollinated seedling of a P. besseyi Bailey x P. salicina Lindl. hybrid), K-146-43, K-146-44, P-30-135 trees, respectively. Trees were planted in a randomized complete block design with four replications and four trees per replicate. The plot was managed according to normal commercial practices with a herbicide strip in the tree row and a mowed cover crop strip between rows. Trees were fl ood irrigated to replace 100% of estimated evapotranspiration. Seasonal temperature was recorded at a California Irrigation Management Information System (CIMIS) station located within 1 km of the plot. Vegetative growth was monitored by measuring trunk cross-sectional area (TCA), shoot and internode length, summer and winter pruning weights, and diurnal extension growth.
TRUNK CROSS-SECTIONAL AREA AND SHOOT AND INTERNODE GROWTH. Initial and fi nal trunk diameters at 20 cm from the soil were measured on all treatment trees at the beginning and after the end of the 1998 growing season. Trunk cross-sectional area (TCA) was subsequently calculated assuming a circular trunk. Seasonal increment in TCA was followed on one tree per treatment replication (the tree closest to the mean size) at intervals of 20 to 30 d during the growing season. Daily growth rate and percent of total annual TCA increment were calculated to compare the cycle of trunk growth among different rootstocks.
Shoot length growth during the season was measured on two scaffolds in the same trees of each rootstock replicate that were selected for measurement of seasonal growth of the TCA in both varieties. Three different types of shoots were selected and tagged: shoots arising directly from the scaffold (S), shoots arising near the base of previous-year hanger shoots (B) and terminal shoots growing from the same hangers (T). Hangers are defi ned as unbranched 1-year-old shoots from the previous season that were selected for fruit bearing during dormant pruning. Shoot growth was recorded every 20 to 30 d from May to October.
In January 1999, the number of nodes were counted on each of the tagged shoots in the 'Loadelʼ trees. Mean length of each type of shoot from the two scaffolds was also measured. Mean internode length was calculated for trees on each rootstock based on node number and shoot length data. One medium-sized scaffold was tagged from each of the selected trees, and the number and length of 1-year-old shoots, new lateral shoots and watersprout shoots were recorded. Angles of insertion of shoots that came directly from the scaffold were also measured. All scaffold diameters of these trees were also measured at the base of the scaffolds at the beginning and the end of the growing season in 1998 to establish the yearly increase of the scaffold cross-sectional area (SCA). The number of shoots and laterals per tree were calculated for each rootstock based on data from the one scaffold and its SCA compared to the total SCA of the whole tree. The length of primary growth originating from dormant buds from the previous season was calculated for each tree. Secondary and tertiary growth generated from buds formed during the current season was also estimated. By adding these three kinds of growth, the total shoot growth was calculated per tree considering the total primary, secondary and tertiary shoot length growth per measured scaffold and the total SCA of the tree. Shoot growth data from the measured scaffold was multiplied by the ratio: total SCA/individual SCA. Additionally, the ratio between the different measured parameters and the increment in the scaffold cross-sectional area (SCA) was calculated.
The current-year shoots with lateral shoots and basal diameters >7.5 mm were considered to be watersprouts and their diameters, number of laterals, primary, secondary, tertiary and total length growth were recorded separately. Number of watersprouts and laterals, and length of watersprout growth per tree were calculated by the same procedure used for shoots. Relationships between shoot length and increase of SCA were compared among rootstocks.
DIURNAL STEM EXTENSION GROWTH RATE. Diurnal stem extension rate (SER) was measured on well exposed vigorous shoots on 'Loadelʼ open vase trees. SER was measured by making fi ne ink marks with a permanent marker on selected stems on 22 to 23 June 1999. The distance between fi ne marks was measured at ≈4-h intervals during the day and 6-h intervals in the night with a digital caliper. SER was determined by dividing the length increment (amount of change in distance between marks) by the amount of time between measurements (Berman and DeJong, 1997b) . SER was studied on two kind of shoots: Terminal shoots on hangers at ≈1.5 m from the soil surface and vigorous upright watersprouts in the upper part (≈3 m) of the trees. The largest shoots (watersprouts) in each of the trees per replicate (two trees per replication) were used. For the terminal shoots, one growing shoot per tree and replicate was selected. Stem water potential (ψ ST ) was measured on mature leaves, close to the scaffolds. Leaves were covered with aluminum covered plastic bags (McCutchan and Shackel, 1992) at least 1 h before the measurements. After this period, it was assumed the leaf ψ W was equilibrated with that of the xylem sap to which the leaf was attached. Then, the leaves were cut and put in the pressure chamber (model 3005, Soil Moisture Equipment Corporation, Santa Barbara, Calif. Two leaves per tree were used to measure stem water potential.
INFLUENCE OF ROOTSTOCKS ON PRUNING WEIGHTS.
All trees except the ones chosen for the previously described seasonal shoot growth measurements were summer pruned on 18 Aug. 1998. Summer pruning consisted of removing only water sprouts and competitive, vigorous shoots on the main scaffolds. Fresh weight of the harvested material was obtained from individual trees. Stems and leaves from one tree per block were dried at 65 ºC to convert fresh weight to dry weight. All trees were also dormant pruned in January 1999. Samples of fresh weight from each rootstock/scion combination were dried at 65 ºC to convert fresh weight to dry weight. Dormant pruning consisted of removing vigorous shoots and shaded limbs. Strong, upright fruiting shoots were headed and the remaining shoots were thinned as required for the next seasonʼs fruit production.
FRUIT YIELD MEASUREMENTS. Standard yield studies were done on 'Loadelʼ and 'Flavorcrestʼ trees on the various rootstocks. All trees were normally (commercially) thinned. Fruits were harvested following standard commercial procedures. In 'Loadelʼ trees, harvest was done in fi ve picks (6, 10, 15, 21, and 28 July 1998) while 'Flavorcrestʼ was harvested in three parts (19, 23, and 30 June 1998) . Number of fruits per tree and total fruit weight per tree were recorded. Means were compared using Tukey test (P = 0.05).
SAS software (SAS Institute, Cary, N.C.) was used for analyses of variance to test for differences among treatments. Multiple mean separations were carried out using Tukeyʼs multiple range tests (P < 0.05).
Results

TRUNK CROSS-SECTIONAL AREA MEASURE-MENTS.
The initial TCA and yearly increment were comparable in 'Loadelʼ and 'Flavorcrestʼ trees. Trees on K-146-44 and K-146-43 had the smallest increment in TCA, while trees on 'Nemaguardʼ had the largest increase with both cultivars (Table  1) . During the growing season, K-146-44 and K-146-43 had a clear negative effect on the TCA growth rate relative to the other rootstocks (Fig. 1) . Trees on 'Nemaguardʼ had the largest relative increase of TCA. Trees on 'Nemaguardʼ, the most vigorous rootstock, had the highest percentage increase in TCA during the fi rst and middle part of season. Trees grafted on P-30-135 and K-119-50 grew at an intermediate rate during the whole vegetative growing period ( Fig. 1) .
SEASONAL SHOOT GROWTH PATTERN. In general, basal shoots (B) on 1-year-old fruiting shoots (hangers) reached close to their fi nal length early in the season but 'Loadelʼ shoots on 'Nemaguardʼ kept growing later into the season compared to the other rootstocks ( Fig.  2A) . Shoots on 'Loadelʼ trees on K-146-44 grew early, slowed down and then resumed growth toward the end of the season ( Fig.  2A) . Shoots on 'Flavorcrestʼ trees on 'Hiawathaʼ grew later in the season than the rest of the rootstocks. Shoots on trees grafted on the two most dwarfi ng rootstocks, K-146-44 and K-146-43 grew mostly at the beginning of the season (Fig. 2B) .
New shoots arising directly from the scaffold branches (S) in 'Loadelʼ trees on 'Nemaguardʼ grew more rapidly than the other rootstocks, especially at the beginning of the vegetative season (Fig. 2C) . 'Nemaguardʼ stimulated 'Flavorcrestʼ S shoot growth more than 'Loadelʼ. 'Flavorcrestʼ trees on K-146-44 and K146-43 had signifi cantly reduced S shoot stem length relative to 'Nemaguardʼ ( Fig. 2D ).
Terminal shoots on fruiting hangers growing from terminal buds (T) on 'Loadelʼ and 'Flavorcrestʼ trees continued growing almost to the end of the vegetative period. On 'Nemaguardʼ, the 'Loadelʼ shoots initially grew rapidly and this initial growth was related to the fi nal length. The most size controlling rootstocks, K-146-44 and K-146-43, produced trees with the shortest shoots during the vegetative period and consequently at the end of the year (Fig. 2E) . No statistically signifi cant differences were found among rootstocks for growth of T shoots with 'Flavorcrestʼ, although the measurement means had the same general seasonal pattern as 'Loadelʼ (Fig. 2F) .
DIURNAL STEM EXTENSION GROWTH. On 22-23 June 1999, diurnal growth was measured on two kinds of shoots; terminal shoots and watersprouts. Growth of terminal shoots did not statistically differ, however the mean general trend of terminal shoot growth of trees on 'Nemaguardʼ was slightly higher than trees on K-146-43, especially at midday and early afternoon (Fig. 3B) . Stem water potential of trees on 'Nemaguardʼ was generally less negative than trees on K-146-43 (Fig. 3C) . Diurnal watersprout shoot growth followed a similar trend as terminal shoots although the absolute growth values of watersprouts were higher (Fig. 3B) . Trees on K-146-43 tended to have the least growth during the period when stem water potential was recovering and temperature was decreasing. (Fig. 3C) .
SHOOT GROWTH PER TREE. 'Loadelʼ trees on 'Nemaguardʼ had the highest number of 1-year-old shoots per tree and were statistically different from K-146-44, which had the lowest number of shoots per tree. Trees on 'Nemaguardʼ and K-119-50 had the most laterals per tree, while trees on K-146-44 and K-146-43 had about one-sixth the number of laterals per tree compared to 'Nemaguardʼ (Table 2) . Trees grafted on 'Nemaguardʼ produced about three times more primary growth per tree than trees on the most dwarfi ng rootstock, K-146-44. Growth generated by lateral shoots (secondary and tertiary growth) showed clear differences among rootstocks. Secondary and tertiary growth in trees on K-146-44 was less than one-sixth of trees on 'Nemaguardʼ (Table 2) . Total length growth (primary, secondary and tertiary growth) per tree was markedly infl uenced by rootstocks and followed the same pattern as TCA increment. Growth on 'Nemaguardʼ was substantially greater than on all the other rootstocks while growth on K-146-44 and K-146-43 was the least. The amount of 1-year-old wood in trees on K-146-44 and K-146-43 was about one-third that of trees on 'Nemaguardʼ (Table 2 ). Between 4.6% and 6.6% of the total estimated numbers of shoots per tree (Table  2) were watersprouts with a basal diameter >7.5 mm. There was a clear trend toward increasing water sprout growth per tree with the more vigorous rootstocks (Fig. 4A) but when expressed on a scaffold cross-sectional area basis, only the smallest rootstocks appeared to differ from 'Nemaguardʼ (Fig. 4B) . On a shoot length basis, watersprout growth of trees on P-30-135, K-119-50, 'Hiawathaʼ and 'Nemaguardʼ represented 48%-53% of the total annual extension growth. In contrast, watersprout growth only represented 26% to 32% of the total extension growth per tree for trees on K-146-44 and K-146-43.
INSERTION ANGLE OF SHOOTS ARISING FROM SCAFFOLDS.
The angle between the insertion of 1-year-old shoots and scaffolds from which they originated appeared not to be infl uenced by the rootstocks. Similar values for all the rootstocks were recorded at the end of the season. The mean angle of insertion varied between 50.4 and 54.9º relative to the scaffold across trees on the various rootstocks.
NUMBER OF NODES AND INTERNODE LENGTH OF 1-YEAR-OLD SHOOTS.
Shoots were measured at the end of the season to determine shoot and internode length in 'Loadelʼ. The mean internode length of the shortest tagged shoots (basal shoots from hangers, B), differed among rootstock (Table 3) . Although mean internode lengths only differed signifi cantly between 'Nemaguardʼ (the longest) and 'Hiawathaʼ (the shortest), the general pattern among all branch types indicated that internode length was the longest on shoots that grew on trees grafted on 'Nemaguardʼ. The number of nodes was similar in the different rootstocks, so most of the variation in shoot length was attributable to internode length (Table 3 ). In the shoots from scaffolds (S), mean internode lengths were largest on trees on 'Nemaguardʼ and K-119-50, and they were statistically different from trees on K-146-44 and K-146-43. Trees on P-30-135 and 'Hiawathaʼ had intermediate internode lengths. Trees grafted on 'Nemaguardʼ and K-119-50 had the longest shoots, however there were no signifi cant differences in the number of nodes among trees on the different rootstocks, so again most of the variation was due to mean internode length (Table 3) . The longest shoots, T shoots, had the shortest mean internode lengths on trees on K-146-44 and K-146-43. Trees on 'Nemaguardʼ produced the longest T shoots and the differences in length were primarily related to differences in internode length rater than number of nodes. (Table 3 ). PRUNING WEIGHTS. In 'Loadelʼ trees, dry and fresh weight per tree of leaves and stems from summer pruning was highest in trees on 'Nemaguardʼ, followed by trees on K-119-50 and P-30-135. Trees on K-146-44 and K-143-43 needed just a light pruning (Table 4) . With 'Flavorcrestʼ, rootstocks could be separated into three groups on the basis of dry and fresh weight obtained from the summer pruning in August. The greatest vegetative material was taken from trees on 'Nemaguardʼ, and the least from K-146-44 and K-146-43 trees. Trees on K-119-50, P-30-135, and 'Hiawathaʼ were intermediate (Table 4) .
Rootstocks also markedly infl uenced fresh and dry mass removed during dormant pruning. 'Loadelʼ trees required less dormant pruning than 'Flavorcrestʼ trees. Fresh and dry weights of prunings per tree were greatest for trees on 'Nemaguardʼ and the least for K-146-44. Prunings from trees on P-30-135 and K-119-50 had greater dry and fresh weights than prunings from trees on 'Hiawathaʼ, K-146-44 and K-146-43 (Table  4) . 'Flavorcrestʼ trees on 'Nemaguardʼ required signifi cantly more pruning than the other rootstocks. In contrast, trees on K-146-44 and K-146-43 had the least dormant prunings. (Table 4) . CROP YIELDS. Loadel trees on 'Nemaguardʼ rootstocks had the largest mean fresh fruit yield per tree. Similarly, 'Flavorcrestʼ trees on 'Nemaguardʼ also had greater yield per tree than trees on all the other rootstocks but less than the 'Loadelʼ trees (Table 5 ). The differences in crop yield between trees on the various rootstocks corresponded fairly well to differences in tree size with both the 'Loadelʼ and 'Flavorcrestʼ trees on the two most size-controlling rootstocks (K-146-43 and K-146-44) carrying the least numbers of fruit and producing the lowest yields (Table 5 ). The mean fruit size on the smaller rootstocks also tended to be less than for trees on the more vigorous rootstocks (data not shown).
Discussion
TRUNK CROSS-SECTIONAL AREA: ANNUAL INCREMENT AND SEA-SONAL GROWTH RATE. The results of this trial provide a good example of a wide range of vigor induced by peach rootstocks. It has been reported that rootstocks affect not only the absolute growth of the TCA but also the seasonal growth rate pattern of the scion trunk (Bernhard, 1985; Forshey and Elfving, 1989; Swarbrick, 1929; Tustin et al., 1997) . Although TCA is not the only parameter used to describe the vegetative growth (Forshey and McKee, 1970; Preston, 1958; Wilcox, 1937a) , it is indicative of cumulative growth from planting (Heinicke, 1922; Murray, 1927; Westwood and Roberts, 1970) . Based on the initial trunk cross-sectional area (TCA), the six different rootstocks in both the 'Loadelʼ and the 'Flavorcrestʼ open vase trees could be grouped in three distinctive categories: I = semi-dwarf or dwarfi ng rootstocks (K-146-44 and K-146-43), II = intermediate rootstocks ('Hiawatha,ʼ P-30-135 and K-119-50), and III = the most vigorous rootstock ('Nemaguardʼ) which is the control (Table 1) .
'Loadelʼ and 'Flavorcrestʼ open vase trees grafted on K-146-44 and K-146-43 grew only 25% to 37% as much as trees on 'Nemaguardʼ (control). In apples, dwarfi ng rootstocks, such as M9 and M27 may produce a tree 15% to 35% the size of trees on seedling rootstocks (Rom and Carlson, 1987; Westwood, 1978) so K-146-44 and K-146-43 rootstocks appear to have effects on peach that are similar to M9 and M27 on apple.
The yearly TCA increment of both 'Loadelʼ and 'Flavorcrestʼ open vase trees followed a pattern similar to the initial TCA except that trees on P-30-135, with the 'Flavorcrestʼ scion, had a high growth rate that was comparable to trees on 'Nemaguardʼ (Table  1) . During 1998, the seasonal TCA growth rate of 'Loadelʼ and 'Flavorcrestʼ open vase trees had different patterns depending on the rootstocks (Fig. 1) . TCA of trees on the two most dwarfing rootstocks, K-146-44 and K-146-43, had almost continuous growth during the season, until October, but the TCA increase during August in the other rootstocks declined when the highest seasonal temperatures were recorded. The reduction in TCA growth in the largest rootstocks could have been a consequence of decreased water status after harvest caused by high temperatures, and relatively larger tree canopies, which would have the highest transpiration rate per tree. Canopy size induced by the more vigorous rootstocks also covered the assigned surface area more quickly than the smallest rootstocks. This could have reduced the available soil water content for the larger trees more than the smaller trees. Despite the reduction of August TCA growth in trees grafted on the invigorating rootstocks, the daily growth rate throughout the season was lower in trees on K-146-44 and K-146-43 than in the other rootstocks. SEASONAL SHOOT GROWTH RATE. Several reports indicate that rootstocks markedly affect scion shoot growth and this parameter can be used as an indicator of vigor differences among rootstocks (Barlow, 1964; Forshey and Elfving, 1979; Khatamian and Hilton, 1977) . The general growth pattern of shoots in each category (shoot type B, T and S) was similar among the different scion/rootstock combinations with an initial rapid growth and then a slowing growth rate after the middle of the summer. In general, shoots on 'Nemaguardʼ initially grew faster than on the other rootstocks, while shoots of the trees on K-146-44 and K-146-43 trees had the lowest growth rates (Fig. 2) . More available carbohydrates may have been present in branches, scaffolds, trunk and roots of the large trees at the beginning of the season to allow the faster development of shoots and leaves on the more vigorous rootstocks compared to the dwarf rootstocks. However, no carbohydrates were analyzed in this study. No general differences were noted in the length of the growing season among the different rootstocks. Only 'Hiawathaʼ appeared to have an earlier slow-down of shoot growth which was accompanied with a decline of TCA increment and earlier leaf fall. Therefore, the observed differences in total shoot length between most rootstocks were attributable to rate of growth rather than length of the shoot growth period. The differences in internode length among the trees on various rootstocks were consistent with this hypothesis.
DIURNAL EXTENSION GROWTH RATE AFFECTED BY ROOTSTOCKS.
Since shoot growth rate must be a function of diurnal shoot growth and Berman and DeJong (1997b) documented that diurnal shoot growth is a function of temperature and changes in stem water potential, we attempted to determine if differences in stem extension growth rate were related to diurnal patterns of stem water potential. The effect of changing water status on plant growth has been demonstrated by many studies (Acevedo et al., 1971; Hsiao and Jing, 1987) . Water potential patterns and diurnal shoot growth in the current study were similar to those observed by Simonneau et al (1993) and Berman and DeJong (1997b) , with stem dehydration occurring in the morning and rapid hydration occurring in the evening when the transpiration rate decreased. On 22 to 23 June 1999, trees on K-146-43 tended to have lower mean stem water potential and shoot extension growth rate than trees on 'Nemaguardʼ, especially in the afternoon (Fig. 3) . In general, trees grafted on dwarfi ng rootstocks had lower stem water potential, which may be related to low stem extension growth during the day. The observed reduction in diurnal stem extension growth rate in the dwarfi ng rootstocks may indicate the reason for the lower average shoot length of trees grafted on the more size-controlling rootstocks (Table 3 ). The higher stem water potential found on trees grafted on 'Nemaguardʼ compared to the more size-controlling ones, in particular K-146-43, could be the consequence of differences in hydraulic resistance at the bud union or in the root system (Olien and Lakso, 1984) . Further studies related to this particular point could help in the understanding of a diurnal stem extension growth rate mechanism related to dwarfi ng rootstocks.
WINTER MEASUREMENTS: SHOOTS, LATERALS, WATERSPROUT, AND INTERNODE LENGTH. It has been reported that rootstocks directly affect the total growth of shoots (Murase et al., 1990; Salvatierra et al., 1998; Stutte et al., 1994; Wilcox, 1937b) , and one of the most important parameters is the number and length of shoots and watersprouts because they are related to hand labor activities (pruning, thinning and harvest).
Although only trees on 'Nemaguardʼ differed signifi cantly from trees on K-146-44 in the number of 1-year-old shoots per tree, there was a tendency for larger trees to have more shoots than smaller trees. The same trend was apparent in the estimated number of lateral shoots per tree, where trees on K-146-44 and K-146-43 had fewest, while trees on 'Nemaguardʼ and K-119-50 had the most (Table 2 ). Total shoot length and primary, secondary and tertiary growth per tree were signifi cantly higher in trees grafted on 'Nemaguardʼ than on K-146-44 and K-146-43. Trees on K-119-50, 'Hiawathaʼ and P-30-135 had intermediate values (Table 2) . Average shoot length also indicated a trend related to tree vigor, where trees on 'Nemaguardʼ had the longest shoots and trees on the dwarfi ng rootstocks, K-146-44 and K-146-43, had the shortest shoots.
Annual TCA increase was related with total shoot growth per tree. Apparently, the total increase in shoot length followed patterns similar to yearly TCA increment (Tables 1 and 2 ). These results are consistent with reports for apples (Heinicke, 1922; Khatamian and Hilton, 1977; Westwood and Roberts, 1970) .
Before initiating the experiment, the presence of the largest shoots, watersprouts, was suspected to be associated with tree vigor. The shoot growth data made it clear that the largest trees, especially trees on 'Nemaguardʼ, had the greatest watersprout growth per tree, including primary, secondary and tertiary growth (Fig. 4) . These results suggest that ≈50% of the extension growth in the largest trees went into watersprouts, but much of this was removed by summer and dormant pruning (Table 4) representing an ineffi ciency in the peach production system. Previous reports have found differences in the insertion angle of shoots induced by apple rootstocks (Crabbé, 1984; Preston, 1968; Warner, 1991) . However, there were no signifi cant differences or even trends supporting this concept in this peach experiment (data not shown).
Shoot internode length was associated with tree size. In general, the more size-controlling the rootstock, the shorter the internode length (Table 3) . These results agree with Murasse et al. (1990) who reported that peach trees on less vigorous rootstocks produce shorter shoots with shorter internodes. In the present study, trees on more-size controlling rootstocks had shorter internode lengths than trees on the vigorous rootstocks, independent of the size of the shoots.
A noteworthy aspect of the individual shoot growth studies was that the variation in number of nodes of all B shoots arising from the basal nodes of the previous season lateral shoots (hangers) was very low (9.8 ± 0.2). There was slightly more variability in node number of S shoots (laterals shoots arising directly from scaffold wood) (16.3 ± 0.6) and T shoots arising from the terminal vegetative bud on hangers (31.9 ± 0.6). The consistent number of nodes of B shoots may refl ect the number of preformed nodes inherent in lateral vegetative buds in this position on shoots of this cultivar ('Loadelʼ). If this is the case it would indicate that shoot growth in specifi c locations in peach trees is more determinate than commonly thought (Kramer and Kozlowski, 1979) . The fact that the three different types of shoots had three different but relatively consistent node numbers per shoot may indicate that individual shoot node number is more dependent on point of morphological origin on the tree than the environmental condition/exposure during growth (Sabatier and Barthelemy, 2001) .
INFLUENCE OF ROOTSTOCKS ON SUMMER AND WINTER PRUNING.
Previous studies have indicated that pruning (summer and winter) is correlated with the size of the trees and particularly with rootstock vigor (Barlow, 1964 (Barlow, , 1971 Forshey and McKee, 1970) . Required summer and winter pruning was directly associated with the size of trees. It was necessary to remove more material from trees on 'Nemaguardʼ, especially watersprouts. Dry weight removed from summer pruning of 'Loadelʼ and 'Flavorcrestʼ open vase trees on K-146-44 was ≈3% and 14%, respectively, of trees on 'Nemaguardʼ (Table 4) . Dormant pruning dry weight differences were similar. It is clear that dwarf peach rootstocks have advantages over more invigorating rootstocks relative to reduced summer and dormant pruning, and it is encouraging that major differences in vegetative growth between these rootstocks may be classifi ed as excessive since much of it is growth that is removed during commercial pruning procedures.
INFLUENCE OF ROOTSTOCKS ON TREE YIELD.
The fruit yield responses in this study are comparable to other research on peach rootstocks (Felipe et al., 1997; Minguzzi and Poli, 1988; Murase et al., 1990) where the general trend of the larger the tree the higher the yield per tree appears to fi t. In California, 'Nemaguardʼ rootstock is known for producing trees with high vigor and high yields of large fruit. Clearly, the size-controlling rootstocks in this study produced trees with less vigor but unfortunately also less yield. However, since the trees in this study were only in their third year in the orchard it is too early to draw too many conclusions about the ultimate production effi ciency of the various rootstocks. Longer-term yield data have been collected and reported elsewhere (DeJong et al., 2003) .
The differences in tree yield and crop load between the 'Loadelʼ and 'Flavorcrestʼ scion cultivars on the various rootstocks may account for the tendency toward the apparent greater vigor of the 'Flavorcrestʼ trees compared to the 'Loadelʼ trees in some of the vegetative growth measurements. However, clearly most of the differences in vegetative growth among rootstocks with the same scion cultivar are due to rootstock differences and not crop load since crop load and yield were least on trees of the smaller rootstocks.
This experiment demonstrated signifi cant effects of the tested rootstocks on vegetative growth of two peach cultivars. Annual TCA increment was related to the annual shoot growth in all the rootstocks. No marked differences were found in the general seasonal pattern of shoot growth among the studied rootstocks, but trees on the more vigorous rootstocks initially grew more rapidly than trees on the smallest rootstocks. Variations in shoot growth length were attributed to variations in the daily extension shoot growth, where the invigorating rootstocks induced the scion to grow faster than trees on the more size-controlling rootstocks. Correspondingly, average shoot and internode lengths were reduced in trees on the more size-controlling rootstocks. No differences were found in the insertion angle of shoots among trees on all the rootstocks. Total shoot growth per tree was proportional to the induced size, where watersprouts contributed to half of the growth with the vigorous rootstocks and only one-third to one-fourth of the growth on dwarfi ng rootstocks. However, shoot growth per unit of scaffold cross-sectional area was comparable among all but the smallest rootstocks. Summer and winter pruning was related to tree size so that trees grafted on the more size-controlling rootstocks, K-146-44 and K-146-43, required the least pruning.
